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ABSTRACT 

An analytical procedure to obtain a preliminary design of large 
signal cathode follower amplifiers is described. A-C amplifiers with con- 
ductive and inductive cathode admittance as well as d-c amplifiers are con- 
sidered. The conditions of optimization of the design for maximum power or 
voltage output are discussed* 
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Introduction 

Cathode followers find vide application in modern Electronics 
because of their simple structure, fairly distortionless operation and low 
output impedance. Their design for small signal amplification is easy} for 
large signal amplification an added complication is introduced with the re- 
quirement that the distortion-free driving range of the control grid be 
utilized fully. Usually this problem is solved graphically, but the proce- 
dure is cumbersome and of limited application. Its usefulness can be greatly 
enhanced if it is used merely to check and improve an approximate preliminary 
design obtained analytically. The derivation of such a preliminary design 
is the object of this report. For this purpose the family of characteristics 
of the tube will be represented by a bilinear relationship 

*b * *p (eb * vbk> ' *p (% + ^ck - Vo> M 

which corresponds to a.set of straight lines (Fig. MRI-Hi276-a) character- 
ized by their slope gp and their intercept Vfcjf with the ih * 0 axis (in 
particular Vj^ and V£u •*"• respectively the intercepts corresponding to 
Ecjj » 0 and figk • -0.5 V).    The main purpose of the design consists in de- 
termining the values of EQ, IQ SO that the grid-to-cathode voltage may be 
varied between -0.$ V and a value corresponding to a minimum current Ibm* 
In addition the design may be optimized with respect to the power and voltage 
output, plate dissipation, etc.    Vie shall discuss separately the cases of 
a-c and d-c amplifiers and shall show that the design of the a-c unrolljfiers 
is subject to less restrictions than that of d-c amplifiers.    The cathode 
admittance of a-c amplifiers can be either a conductance (fcr or a (small) 
inductive susceptance l/jcoL - - jBx, while the cathode admittance of d-c 
amplifiers must be a conductance Qj . 

I.      A-C Cathode Followers with Conductive Cathode Admittance 

The circuit diagram of a typical a-c cathode follower with con- 
ductive cathode admittance is indicated in Fig. MRI-lli276-b.    We shall dis- 
regard high and low frequency effects and limit our analysis to the mid-fre- 
quency range.    For this purpose the interelectrode and coupling capacitances 
will be neglected, and the design will'be limited  i,o the determination of 
the quantities Cg, Ox, &bD> Eo» ^s* (Epk)jJ> &Q> ^9* ^he interpretation of 
these symbols is clear from Fig. MRI-lli27o-bj we snail only point out that 
go and Eg are peak rather than rms values. 
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The following limitations must be satisfiedt 

ck —    CK max 

—    b —    k max 

;bb *  ** 

(2) 
b max 

E,»   I« TSC P 
Q     Q ~   P «UK 

The last of conditions (2) applies for zero signal dissipation; it could b« 
replaced with the less restrictive condition EQ IQ - P^ ^ Ppmiac» if the 

power output PL were a constant. 

The following relationships can be used for the analysis; 

(3) 

h* ' «P (EQ * Eo " Vbk> - «p < V " Vbk> <*> 

XC, " Gk <** " V • h» * Eo <°k + °L> 

°Q " *!• * % 

Q     ^>m       o       bk      TsK C 

Sr 

bb " EQ * * A 

(Wo - i ^ - vbk> - J << " KQ * w 
Es " E= + <Eck>Q - 0-5 

•bm'Vbk+   (\m+2Eo(Qk + QL>]/ep 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

I 

3y elimination of EQ, I- from (3),(U),(S>) one has 

„ 2      h 
(11) 

fefbb-»o<l*5->--^-^]«k*^^^)-0 
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which is a relationship among E^, Eo.« G^, GL and can be used to determine 
one of these quantities when the other three are given.    One hast 

Eo <2 °k + «p> 
(12) 

er 

, . «p(1bb- V °k - (s; Qk) ^s 
° 2 V°k + «p> + <«p + 2 °k> QL 

or 

°k"Hl" 
°U    St n f^n 

(13)   . 

(Hi) 

. v- 2E (1 + —)- -22 - V. bb       ov        g       g 
P       P 

bk 
2    6. 

j "WES 

and finally 

3b " Vbk ^n   °fc     gp ° ^c gp 
(*5) 

Two other Important relations »re ' 

SM'^m * 2VGk + °L>" 
2<Qk ; °lX VWvJ-hMm (16) 

s 

and 

p    • E 
r 2(0    • Qj) 

A - [V1 •-^-^ • ** * s 
•1 fr   • E.(0,.+ <L) 1 
J L. * -J 

[•bb" fc (Xta*<\ + GL> V ]   [^bm * So <°k + °L> ] (") 
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WB shall now proceed to consider a number of specific problems 
that can occur in practice, and derive the optimum approximate solution. 
In particular, numerical design values of somewhat academic interest will 
be computed, assuming that the tube employed is the 6J$, whose plate char- 
acteristics are shown in Fig* MEI-lU???.    The latter ones are linearised 
assuming gp - I/76OG - 1.32 x 10-U mhos, V» - 30V, V£k - UO V,  lb* - 0=5 ma, 
(i. - 20, IkM - 20 mA, BbhK" 300 V, PpMX - 2.5 w. 

Design No, 1 - Given the tube, Ok, 0^, £© find the minimum necessary value 
of Ebb* 

One uses formula (15), then checks that the values of Ebb* *bM» 
PD are less than the limiting values (2).    Finally one computes (Rck)Q » 
BQQ and 38. 

For example assume that the tube is a 6J£ and that 0^ • U x 10 
mhos, OL - 10~3 mhos, SQ - $ V.    There follows ; 

Ebb - UO + 0.5xlO~3(2500 + 7600) + 10 (12.8$) - 173.5 V 

The check with respect to the limit performance of the tube 
provides 

•SJM - 1U.5 ma 

h -    7.5 ma 

h FU6V 

P 
P 

- 0.87 w 

Furthermore 

C WQ "   2^    C30-H6+57 2 ' - 1-W V 

" BQ * ^ck^ " m'* y 

B8 - $ + 1.U5 - 0.$ - $.9$ v 

K - «S    . 0.8U 
Es 

i 
| 
1 

t 

: : 
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Design No. 2 - Given the tube, Q^, Qj,, find Bbb for max. Ej, permissible. 

Since 2o Increases linearly with 2bb» ws shall merely Investigate 
the maximum value of BQ. With respect to the current limitation this is 
(eq. 16) 

With respect to the power limitation one has from eq* 17 

E" - - -< + y <£ * p (19) 

where , 
^    [«p * 2C°k^L>] ^m ^ (WVbk I W 

2(Qk+QL)  f«p + ? (Qk • 0L)J 

8 -   gP W " ^8P Vbk * ^m^ ^m 
(ak • 0^ + 2(Qk * 0,.)) 

The lower of the values (18), (19) is the maximum permissible B©. Corres- 
pondingly Ebb is obtained from eq. 1>. For example, for a 6J5> with 
Ok " U x 10-C mhos, ^ - 1G~3 mhos one has 

BQ - 7.3 V , B^ - 7.83 V 

The maximum permissible value B0 is 7.3 V and the corresponding value of 
Bbb is 232.$ V, 

Design Ho. 3 - Given the tube, Qi,  B0, Bbb *
ind °k« 

One uses eq. (Hi) which provides two solutions for Gjj. These are 
checked with respect to conditions (2). Assuming that both Gjj values are 
permissible, the final choice will be determined by considerations of the 
plate power dissipation, peak cathode current, output admittance. 

v , * 
1A 
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For example for a 6J5, given GL - lCf3 mhos, E0 » 5V>Bbb " *73 V, 
the corresponding valuec of Gjc are     > 

0. - O.U x 10"-3 mhos     Qk - 0.177 x lO"-* mhos      (20) 

Incidentally, if Ebb %•. 20° v the •alu»p of Ok »** 

GL - 0.837 x 10 J mhos      0k * 0.083 x 10 
3 mhos „ 

In connection with the values (20) one finds 

1^ - 1U.5 mA I^M - 12.27 nA 

EQ - 116 V KQ • 98.2 V 

P1 - 0.87 * P. " 0.625 v 
P P 

Design No. \\ - Given the tube, Gi,, Sbb find °k for nax' %•    From eq> (13)» 
letting dB0 - 0, one has 

d5k 

(21) 

For example, letting 0^ - 10~3 mhos, Ebb - 173 V, one has for the 6J5 

and from eq. (13) 

Oj. - 2.61 x 10^ mhos 

K ' *-o° v o 
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For given Qj, and EDt it is of interest to compute ths liinifc values of 0^ for 
which respectively IDM = IJ^K or Pp « Pronto    By application of eq-   (13) these 
provide the corresponding limio values cf E0. 

For the condition I^M - I^ one has from eq. 16, solving for Gfc 

• b +>/b2 - c (22) °k 
where 

F*+7 2!EJ!!£L 

V^MTW" 
2IkM 

gp °L   Cy - V] 
2 8p^b-Vbk>  - 2 ^ 

In particular, if QT, • 0, eq. (22) reduces to 

^5? 
(23) 

Similarly eqs. (13) and (17) provide the limit values Ok and E© for which 
Pp • Ppnax* Since these eqso are of the fifth degree in Ofe, they should 
be solved by trial and error method. 

Design No., $ - Qiven the tube, EDD, find G^. and 0^ for max* output power 
Pi, - QjEg/2. This design may be considered of academic interest, sinov 

cathode followers for power amplification are usually made with inductive 
rather than conductive cathode .^admittance* 

Acoordlng to eq. 13 one has 

QL 
2~ 

-r2 

ieWvii; Qk) ^m 
2 Qk K + 8p} + (gP+2Qk)aL 

(2U) 
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which la a function of Ebb? °k> °L»  ** either Ojj or Qj, are given, the opti- 
mum value of the conductances Qj,  or 0^ is determined respectively with the 
condition 

dGL 
"0  or 

dPj 

dQ,. 
(2$) 

If Qjj and Ox, are both indetermined, the latter two equations must be solved 
s imultaneouslyo 

From eq„ 2$  there follows 

OL (2Gk * gp) - 2Qk(Qk • ^ - 0 (26) 

0 +   T   * 21. 

S(iiob-VDKj- ^m 

In particular the last equation for Ibm " 0 simplifies as follows 

2 °k " h  °t " ° 
Therefore, if Qk is given, the optimum value of 0^ is 

(27) 

- 2 Q, 
°k + 8. 

k 2a. • °k + s (28) 

If Oj, is given the optimum value of \ is computed by means of eq» 21 and 
in particular for Ibm * 0 one has 

VgP°L/2 (29) 

Finally, if both G^ and 0^ ate indetemined, their optimum values are 
respectively 

°k-«p//?»    GL"8p (30) 
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Correspondingly "the peak power output is 

(P )   . O-g2^ .  TK  - V* 1 

. 

For example, with a 6J$ with E^ - 20oY(F£.) ,^i»0.363 w. In Table I the 
quantity 2Pi/gp (Bbb - vbk)^ ha3 been confuted for various values of Ok/gpj 
Ox/gp near the optimum, values (30)* 

Table I - Values of 21^ (1^ - V^)*j 

^ 
*- «P ^8p 

a  /2 0.0208 0.020U 0,0188 

v^ 0.0208 0.021$ 0.0208 

«p 
0.0188 0.020U 0.0208 

II. A-C Cathode Followers with Inductive Cathode Admittance 

The circuit diagram of a typical cathode follower with inductive 
cathode admittance is indicated in Fig. MRI-lU278-a. It is assumed that 
i\ •*  l/jooL is negligible) in addition, high and low frequency effects are 
r»«erT»rt+,.»H . 
—-e—- — •> 

The limitations of the design are expressed by equations (2), 
where 2Q - 2DD. The design itself is much simplified in the present oase 
and reduces to finding IQ, since EQ is fixed. The design equations are 

XQ " hm +  °L Eo 

XbM * Sp C"bb " Vbk " V ' 2 XQ - hm 

/n 

(31.1) 

(31.2) 

(31.3) 

Es " Eo + (Eok>Q " °'5 



R-390-SU, PIB-323 10 

Eliminating IQ between first and second equation cna has 

S(Ebb " 4> " ^m " V2 QL + 8p} 

From this equation, if EbD and 0L are given, one has 

E   , gp(Ebb - V I Ha , 2) 
2 GL * «p 

and if EfcD &nd SQ are given one has 

. gp ^ - vbk: E
0
) - ^ (33) 

^ 2 E 

The maximum possible value of EQ for given E..   occurs when QT   " 0 and is 

(Vmax " ^b " <k - W«p- (3U) 

On the other hand, when Gj, / 0, the maximum possible value of E0 is 

<Eo>max ' <** ~ V/2 \ (35) 

according to eqa.  (31.2) and (32). 

As an example, given a 6J5 with E^ - 200 V, 0^-10     mhos there follows 

EQ - 9.65 V 

IQ - 10,15 mA. 

(Sok)Q " - 9-7 V 

The maximum possible value of E0 for the given value of Ox, is 9*75 V; the 
maximum value of EQ for 0^ - 0 is 156.2 V. 

Aii interesting problem is the determination of the optimum value 
of 0^ for maximum power output. One has 
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PT - 0T i/2 -   —Si -*   ft. (Buv - <J -1    ^ »•" ^ v<   tr• :: is 13 v"w»" •**'" A
^J C2QL + gp3

2   LS^-W-H. 

HP 
and letting  L m  . there follows 

i 2 °L " *p (36) 

i 
which is the same result that applies for grounded cathode amplifiers. 

HI. D-C Cathode Followers 

A typical circuit for the d-c cathode follower amplifier is in- 
dicated in Fig. MRI-lli278-b. For generality it has been assumed that B^ 

/ Bbb» 

One of the conditions of the design is that the cathode be at 
ground potential.    Correspondingly one has 

! By application of Thevenin theorem the circuit of Fig. MRI-3ii2?8~b can be 
modified into that of Fig. MRI-li*279a, with 

! N 

0   ' °k * QL •   E   "   5~T%- (38) 

The latter circuit is equivalent to that of Fig. MRI-lii279b which is 
similar to the circuit of an a-c cathode follower havin* aero load ad- 
mittance Q». 

The limit conditions of operation are 

Eck ^ Eck max ' " °-5 V 

JQ - °k *bb * '*kM + V /2 C39) 

—I 
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The design equations are 

*bb        o bk 
pm 

•p 

, 2(01+   Or) 

*p 
(la) 

i r r »      '        n i 1^mi\hm*H ["bb " Vbk ' Eo J (U2) 

/* 

(U3) 

(alt) 

Bs ' Bo * «VQ - °'5 (U5) 

In general BQ and Gk  ar« prescribed and the purpose of the design is to 
ohoose a convenient tube and evaluate B^b, %b *ad Ofc- 

The choice of the tube is determined b/ the maximum voltage output 
E0 that it can deliver in accordance with the limitations (3?) and (uO). 
The upper limit of Bc is obtained letting Q^ approach zero*    Combining eqs. 
(39) ahd._(U3) one finds 

.) ft'WMf 
\vi " Ibm 
~53I  L 

(U6) 

On the other hand combining eqs.  (Uo), (Ul) and (U3) one has 

\ & + 

2(Q
k * QL

) 

> + 4f    [Bo <°k * QL> * hm] < P, pM 
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vaerefrom there follows 

<••>•« " "Ybk ao.     * y/tTL^oQ - (U7) o max    2(1 + 2^ }    y 0^ + 2QL) 

The lower of the values (U6) and (J;7) should be larger than the required 
S . o 

i 
After the tubs has been selected one proceeds to evaluate B^. 

The upper limit of Ebb again it determined in accordance to the limitations 
(39) '"", (UO). Combining eqs. (39) and (1*2) one has 

fcP 

On the other hand, combining eqs. (Uo) end (y2) one has 

provide respectively IQ and £*. Finally the value of Sgb is obtained from 
eq. (37) and tha values of (SCIC)A and £• are computed from eqs. (hli) and 
(U5) respectively. 

For example let us consider the design of a d-c cathode follower 
with E0 - 8 V, Qj, - 10*3 mhos. For the tube 6J$ eqs. (U6) and (U7) provide 
respectively 

(-Omax " 9«7* V      <»•>-« " n-17 * 

Therefore the 6J$ is suitable for the present design* According to eqs* 
(I16) and (U9) the upper limit of E^b is the lower of the following ones* 

In general the value of B^ is chosen in dependence of the available power 
s-upply., *e tb&t the limitations (U8) and (U9) are satisfied. 

After the value of Ebb has osen determined, eqs. (U2) and (1*3) 
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Lst S.,   = 180 V.    Equation (lt2) now provides 

Eq. (U3) then gives 

Finally 

and 

IQ - 9 mA 

G^ - 0.06 x 10~3 mhos 

^-•£--• 150 V 

* <^k*Q " " U*° V' Es " n#5 V 

• 

i 
1 
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